Mitochondria are involved in many cellular processes; mitochondrial dysfunctions have been associated with apoptosis, aging, and a number of pathological conditions, including osteoarthritis (OA). Mitochondrial proteins are attractive targets for the study of metabolism of the chondrocyte, the unique cell type present in mature cartilage, and its role in tissue degradation. Using a proteomics approach based on two-dimensional DIGE and MALDI-TOF/ TOF mass spectrometric identification of mitochondriaenriched protein fractions from human articular chondrocytes, we analyzed mitochondrial protein changes that are characteristic of OA chondrocytes. A total of 73 protein forms were unambiguously identified as significantly altered in OA; 23 of them have been previously described as mitochondrial. An extensive statistical and cluster analysis of the data revealed a mitochondrial protein profile characteristic for OA. This pattern includes alterations in energy production, maintenance of mitochondrial membrane integrity, and free radical detoxification. Real time PCR, Western blot, and immunohistofluorescence assays confirmed a significant decrease of the major mitochondrial antioxidant protein manganese-superoxide dismutase (SOD2) in the superficial layer of OA cartilage. As possible outputs for this antioxidant deficiency, we found an increase of intracellular reactive oxygen species generation in OA chondrocytes and also verified an OA-dependent increase in the mitochondrial tumor necrosis factor-␣ receptor-associated protein 1 (TRAP1), a chaperone with a reported reactive oxygen species antagonist role. Our results describe the differences between the mitochondrial protein profiles of normal and OA chondrocytes, demonstrating that mitochondrial dysregulation occurs in cartilage cells during OA and highlighting redox imbalance as a key factor in OA The mitochondrion is one of the most complex and important organelles found in eukaryotic cells and carries out a wide variety of biochemical processes. Mitochondria are critical subcellular organelles responsible for energy production through the coupling of respiration to the generation of ATP. Mitochondria consist of four components: an outer membrane, an intermembrane space, an inner membrane, and a matrix. These components all function in concert to convert pyruvate and fatty acids to acetyl CoA, which is metabolized by the citric acid cycle to produce NADH. High energy electrons from NADH are then passed to oxygen by means of the respiratory chain in the inner membrane, producing ATP by a chemiosmotic process. Transcription and translation take place in mitochondria, which also actively import proteins and metabolites from the cytosol, influence programmed cell death, and respond to cellular signals such as oxidative stress (1). In addition to their central role in energy metabolism, mitochondria are involved in many cellular processes; mitochondrial dysfunctions have been associated with apoptosis, aging, and a number of pathological conditions, including Parkinson disease, diabetes mellitus, Alzheimer disease, and OA 1 (1-3). OA, the most common age-related cartilage and joint pathology (4), is a slowly progressive degenerative disease characterized by degradation of the matrix and cell death, which result in a gradual loss of articular cartilage integrity (5, 6). The only cell type present in mature cartilage is the chondrocyte,
which is responsible for repairing cartilage tissue damaged by OA. Recently the role of mitochondrial dysfunction in OA has been the subject of renewed interest. Some studies have shown that mitochondrial dysfunction mediates several pathways implicated in cartilage degradation (7) . These include oxidative stress, inadequacy of chondrocyte biosynthetic and growth responses, up-regulated chondrocyte cytokine-induced inflammation and matrix catabolism, pathologic cartilage matrix calcification, and increased chondrocyte death (necrosis or apoptosis). For example, mitochondrial respiratory chain (MRC) activity in OA chondrocytes showed decreases in complexes I, II, and III compared with normal chondrocytes that caused a reduction in mitochondrial membrane potential (⌬m) and in ATP synthesis. On the other hand, as a compensatory mechanism, the number of mitochondria is increased in OA chondrocytes as demonstrated by a significant increase in mitochondrial mass and in citrate synthase activity (8) . Other reports implicate decreased mitochondrial bioenergy reserve as a pathogenic factor in degenerative cartilage disease (9 -11) .
Taken together, these findings suggest that mitochondrial proteins would be an attractive target for study of the metabolism of chondrocytes and the role they play in cartilage degradation. Most studies analyzing mitochondrial proteins in chondrocytes evaluated single proteins without addressing the mitochondrial proteome. The introduction of proteomics has enabled the simultaneous analysis of changes in multiple proteins. Currently many proteomics studies use two-dimensional gel electrophoresis (2-DE) to separate proteins, and this technology remains one of the key methodologies in proteomics studies. 2-DE gel-based approaches typically resolve hundreds to thousands of intact proteins according to their charge and molecular mass and compare the presence and intensity of protein spots among gel images to allow both qualitative and quantitative analysis. Using this proteomics approach, we have recently described the proteome of normal and OA human chondrocytes as well as their differential protein profile (12, 13) . Nevertheless traditional 2-D gel-based strategies have, until recently, lacked the ability of directly quantifying changes in abundance in the same fashion as stable isotope strategies using liquid chromatography coupled with tandem mass spectrometry (14, 15) . Therefore, issues such as gel-to-gel variation and normalization of spot intensities across gel sets highly affect both accuracy and sensitivity of quantification. DIGE technology (16) adds an essential quantitative advantage to 2-D gel-based strategies and allows the detection of slight changes in protein abundance with statistical confidence (17) . In this approach, samples are labeled with different fluorescent dyes (Cy2, Cy3, and Cy5), not only increasing sensitivity and dynamic range but also allowing sample multiplexing so that two different samples can be run in the same gel together with an internal standard. The use of a pooled sample internal standard permits direct quantitative evaluation of changes and reduces intergel variation and false positives (18, 19) , resulting in highly reproducible data with biological significance. Moreover one of the advantages of 2-D DIGE versus non-gel-based quantitative proteomics techniques is that it detects not only changes in protein quantity but also posttranslational modifications of the protein (20) .
Because gel-based techniques have a bias toward abundant proteins, proteins in lower quantity are not often detected in the 2-DE analysis of total cellular proteins because of the complexity of these samples. The use of prefractionation methods by subcellular isolation or selective enrichment of a specific group of proteins provides an effective approach to eliminate this drawback. We previously optimized the methodology for isolating mitochondria from human articular chondrocytes and reported their mitochondrial 2-DE reference map (21) . In this work, we took advantage of 2-D DIGE technology to study mitochondria-enriched protein fractions and analyze the differential mitochondrial protein profile of osteoarthritic human articular chondrocytes to identify new mitochondrial proteins related with OA pathogenesis.
EXPERIMENTAL PROCEDURES
Reagents, Chemicals, and Antibodies-Culture media and FCS were from Invitrogen. Culture flasks and plates were purchased from Costar (Cambridge, MA). DIGE materials (IPG buffer and strips and Cy dyes) were from GE Healthcare. Unless indicated, all other chemicals and enzymes were obtained from Sigma-Aldrich. Monoclonal antibodies against human tumor necrosis factor-␣ (TNF␣) receptor-associated protein 1 (TRAP1) and manganese-superoxide dismutase (SOD2) were from BD Biosciences. The corresponding horseradish peroxidase-or phycoerythrin-conjugated secondary antibodies were from Santa Cruz Biotechnologies (Santa Cruz, CA) and DAKO Diagnostics (Glostrup, Denmark), respectively. MitoTracker Green was purchased from Invitrogen.
Cartilage Procurement and Processing-Macroscopically normal human knee cartilage from adult donors having no history of joint disease was provided by the Tissue Bank and the Autopsy Service at Complejo Hospitalario Universitario A Coruñ a. Osteoarthritic cartilage was obtained from patients undergoing joint surgery. The study was approved by the institutional Ethics Committee. Once cartilage surfaces were rinsed with saline, scalpels were used to cut parallel vertical sections 5 mm apart from the cartilage surface to the subchondral bone. These cartilage strips were dissected from the bone, and the tissue was incubated with trypsin at 37°C for 10 min. After removing the trypsin solution, the cartilage slices were treated for 12-16 h with type IV clostridial collagenase in Dulbecco's modified Eagle's medium with 5% FCS to release cartilage cells.
Primary Culture of Chondrocytes-The isolated chondrocytes were recovered and plated at high density in Dulbecco's modified Eagle's medium supplemented with 100 units/ml penicillin, 100 g/ml streptomycin, 1% glutamine, and 10% FCS. The cells were then seeded onto 162-cm 2 flasks for proteomics studies or 12-well culture dishes for total RNA extraction. The seeded cells were incubated at 37°C in a humidified gas mixture containing 5% CO 2 balanced with air. The chondrocytes were used at confluency (2-3 weeks in primary culture) after making them quiescent by incubation in a medium containing 0.5% FCS for 48 h. Cell viability was assessed by trypan blue dye exclusion.
Mitochondrial Protein Extraction-Chondrocytes (20 -30 ϫ 10 6 cells) were recovered from culture flasks by trypsinization and col-lected by centrifugation at 4°C. After one wash in 130 mM NaCl, 5 mM KCl, 2.5 mM Tris-HCl (pH 7.5), and 0.7 mM Na 2 HPO 4 , the cells were transferred to microcentrifuge tubes and resedimented. For mitochondrial isolation, a differential centrifugation procedure (21) was performed. All centrifugations were carried out at 4°C. Briefly chondrocytes were resuspended in a swelling buffer containing protease inhibitors and incubated for 20 min on ice. Then 0.4 volumes of an ice-cold 2.5ϫ sucrose buffer was added, and the cells were homogenized by 30 passes through a 25-gauge needle. The resulting homogenates were centrifuged twice for 10 min at 1200 ϫ g to remove nuclei and large cell debris. The supernatants were then centrifuged at 9000 ϫ g for 15 min; each homogenate yielded a mitochondrial pellet and a cytosol-enriched fraction. The mitochondria were thoroughly resuspended in 500 l of sucrose buffer and centrifuged at 1200 ϫ g to remove further contaminants. The supernatant was finally centrifuged at 9000 ϫ g to obtain the crude mitochondrial pellet. This pellet was solubilized by 1-h incubation with gentle agitation in an isoelectric focusing-compatible urea lysis buffer (21) . For protein quantification, 2-4 l of each protein extract was diluted to 50 l with water, and protein was quantified in triplicate by the BCA technique (Pierce). Correct quantification was confirmed by loading 5 g of each sample on a standard SDS-PAGE gel and subsequent Coomassie staining.
DIGE Experimental Design and Protein
Labeling-The proteomics comparison between OA and normal chondrocyte mitochondrial proteins was performed across six DIGE gels using the same pooled sample internal standard to reduce intergel variation. The 12 individual samples were generated from six normal (N) donors (mean age, 65.8 years; age range, 53-83 years) and six OA donors (mean age, 69.8 years; age range, 51-87 years). Proteins in each sample were fluorescently tagged with a set of matched fluorescent dyes according to the manufacturer's protocol for minimal labeling. To eliminate any dye-specific labeling artifacts, three samples of each group (N and OA) were labeled with Cy3, and the other three were labeled with Cy5. The pooled sample internal standard was always Cy2-labeled. In every case, 400 pmol of dye was used for 50 g of protein.
Briefly labeling was performed for 30 min on ice in darkness, and the reaction was quenched with 1 l of 10 mM L-lysine for 10 min under the same conditions.
2-DE and Imaging of Cy-labeled Proteins-
The six pairs of Cy3-and Cy5-labeled samples (each containing 50 g of protein) were combined and mixed with a 50-g aliquot of the Cy2-labeled pooled standard. The mixtures containing 150 g of protein were diluted 1:1 with rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 4% ampholytes (pH 3-11), and 200 mM DTT). The IPG strips (24 cm, pH 3-11 non-linear) were rehydrated overnight with 450 l of a rehydration buffer as above but with 2% ampholytes, 0.002% bromphenol blue, and 97 mM DeStreak reagent instead of DTT. The labeled samples were then applied to the strips by cup-loading on a manifoldequipped IPGphor II IEF system (GE Healthcare). Isoelectric focusing was carried out for a total of 70 kV-h using the following conditions: 1 h at 120 V, 1 h at 500 V, 1 h at 1000 V, gradient to 4000 V in 1 h, and finally 12 h at 4000 V. Prior to the second dimension run, the strips were equilibrated first for 15 min in equilibration buffer (100 mM Tris-HCl (pH 8.0), 6 M urea, 30% glycerol, and 2% SDS) with 2% DTT and then for another 15 min in the same buffer supplemented with 2.5% iodoacetamide and 0.002% bromphenol blue. The equilibrated strips were transferred onto 12% homogenous polyacrylamide gels (2.6% C) cast in low fluorescence glass plates using an Ettan-DALT six system (GE Healthcare). Electrophoresis was run at 2 watts/gel for about 17 h at 20°C.
The differentially labeled co-resolved proteins within each gel were imaged at a resolution of 100 dots/inch using a Typhoon 9400 laser scanner (GE Healthcare). Cy2-, Cy3-, and Cy5-labeled images of each gel were acquired at excitation/emission values of 488/520, 523/580, and 633/670 nm, respectively. Gels were scanned directly between the glass plates, and the 16-bit image file format images were exported for data analysis. After imaging for Cy dyes, the gels were removed from the plates and subjected to colloidal Coomassie staining.
DIGE Data Analysis-The DeCyder version 6.5 software (GE healthcare) was used for spot detection and determination of quantity, intergel matching, and statistics. The differential in-gel analysis (DIA) module was used for automatic spot detection and abundance measurements for each individual gel by comparing the normalized volume ratio of each spot from a Cy3-or Cy5-labeled sample to the corresponding Cy2 signal from the pooled sample internal standard. The DIA data sets from each individual gel were collectively analyzed using the biological variation analysis (BVA) module, which allows intergel matching and calculation of average abundance for each protein spot among the six gels of our study. Statistical significance was assessed for each change in abundance using Student's t test and analysis of variance analyses. We considered statistical significance to be at the 95% confidence level when standardized average spot volume ratios exceeded 1.3 in at least four of the six analyzed gels (i.e. 12 of the 18 analyzed images). Calculation of experimental molecular weight and pI for each differential protein spot was carried out using PDQuest 7.3.1 software.
Unsupervised principal component analysis (PCA), hierarchical clustering (HC), and k-means clustering analyses were performed using the DeCyder extended data analysis module on the group of spots identified as significantly changed. These multivariate analyses clustered the individual Cy3-and Cy5-labeled samples based on collective comparison of expression patterns from the set of proteins.
FIG. 1. DIGE experimental design.
Chondrocytes were obtained from normal (N) and pathological OA knee cartilages and primary cultured. The sex and age of each donor is shown (m, male; f, female). After the first passage, cells were homogenized prior to isolation of mitochondria. Mitochondrial proteins were extracted and labeled with the corresponding Cy dyes. Samples were then mixed and resolved on six independent DIGE gels. Three fluorescence images were obtained from each gel and subjected to image analysis using DeCyder software. After biological variation analysis, spots that exhibited significant quantity modifications in OA were identified by MALDI-TOF/ TOF mass spectrometry. Finally extended data analysis (EDA) was carried out to gain further information about protein alterations that are inherent to OA pathology.
The groups of protein expression characteristics are represented by each data point in the PCA plots and by each column in the HC expression matrixes. Mapping of proteins identified by mass spectrometry, biological association network analysis, and database search onto existing pathways and cellular networks was carried out using Pathway Studio 5.0 (Ariadne Genomics, Rockville, MD).
Mass Spectrometry Analysis-The gel spots of interest were manually excised from the gels and transferred to microcentrifuge tubes. Samples selected for analysis were in-gel reduced, alkylated, and digested with trypsin according to Sechi and Chait (22) . Briefly spots were washed twice with water, shrunk with 100% ACN, and dried in a Savant SpeedVac. Then samples were reduced with DTT and subsequently alkylated with iodoacetamide. Samples were digested with 12.5 ng/l sequencing grade trypsin (Roche Applied Science) for at least 6 h at 37°C. After digestion, the supernatant was collected, and 1 l was spotted onto a MALDI target plate (384-spot Teflonா-coated plates) and allowed to air dry at room temperature. Subsequently 0.5 l of a 3 mg/ml solution of ␣-cyano-4-hydroxy-transcinnamic acid matrix in 0.1% TFA and 50% ACN was added to the dried peptide digest spots and again allowed to air dry. The samples were analyzed using the MALDI-TOF/TOF mass spectrometer 4800 Proteomics Analyzer (Applied Biosystems, Framingham, MA) and 4000 Series Explorer TM software (Applied Biosystems). MALDI-TOF spectra were acquired in reflector positive ion mode using 1000 laser shots per spectrum. Data Explorer version 4.2 (Applied Biosystems) was used for spectra analyses and generating peak picking lists. All mass spectra were internally calibrated using autoproteolytic trypsin fragments and externally calibrated using a standard peptide mixture (Sigma-Aldrich). TOF/TOF fragmentation spectra were acquired by selecting the 10 most abundant ions of each MALDI-TOF peptide mass map (excluding trypsin autolytic peptides and other known background ions) and averaging 2000 laser shots per fragmentation spectrum. The parameters used to analyze the data were a signal to noise threshold of 20, a minimum area of 100, and a resolution higher than 10,000 with a mass accuracy of 20 ppm.
Database Search-The monoisotopic peptide mass fingerprinting data obtained from MS and the amino acid sequence tag obtained from each peptide fragmentation in MS/MS analyses were used to search for protein candidates using Mascot version 1.9 from Matrix Science. Peak intensity was used to select up to 50 peaks per spot for peptide mass fingerprinting and 50 peaks per precursor for MS/MS identification. Tryptic autolytic fragment-, keratin-, and matrix-derived peaks were removed from the data set used for the database search. The searches for peptide mass fingerprints and tandem MS spectra were performed in the Swiss-Prot release 53.0 and TrEMBL release 37.0 databases without taxonomy restriction, containing 269,293 and 4,672,908 sequence entries, respectively, for each software version and database release. Fixed and variable modifications were considered (Cys as S-carbamidomethyl derivate and Met as oxidized methionine, respectively), allowing one trypsin missed cleavage site and a mass tolerance of 50 ppm. For MS/MS identifications, a precursor tolerance of 50 ppm and MS/MS fragment tolerance of 0.3 Da were used. Identifications were accepted as positive when at least five matching peptides and at least 20% of the peptide coverage of the theoretical sequences matched within a mass accuracy of 50 or 25 ppm with internal calibration. In every case probability scores were significant at p Ͻ 0.01. Intracellular localization of the identified pro-FIG. 2. Representative Cy2-labeled internal standard proteome map indicating the proteins altered in OA. Proteins were resolved in the 3-11 (nonlinear) pH range on the first dimension and on 12% acrylamide gels on the second dimension. Proteins that exhibited a significant alteration in expression in OA samples were identified by MALDI-TOF or MALDI-TOF/TOF mass spectrometry and are listed in Table I by the same number as that in the figure. teins was predicted from the amino acid sequence using PSORT II program.
Western Blot Test-One-dimensional Western blot tests were performed according to standard procedures. Briefly 50 g of total cellular or mitochondria-enriched proteins were loaded and resolved on standard 10% polyacrylamide SDS-PAGE gels. Separated proteins were then electroblotted onto PVDF membranes (Immobilon P, Millipore, Bedford, MA). Equivalent loadings were verified by Ponceau Red staining after transference. Membranes were blocked in Trisbuffered saline (pH 7.4) containing 0.1% Tween 20 (TBST) and 5% nonfat dried milk for 60 min at room temperature. The blots were then hybridized overnight at 4°C with antibodies against TRAP1 (1:500) or SOD2 (1:1000) and the housekeeping controls ␣-ATPase (1:5000, in tests performed on crude mitochondria extracts) or ␣-Tubulin (1:5000 in tests performed on whole cell extracts). All antibodies were diluted in TBST with 2% nonfat milk. After thorough washing with TBST, immunoreactive bands were detected by chemiluminescence using corresponding horseradish peroxidase-conjugated secondary antibodies and ECL detection reagents (GE Healthcare) and then digitized using an LAS 3000 image analyzer. Quantitative changes in band intensities were evaluated with ImageQuant 5.2 software (GE Healthcare). The densitometric values of the Western blot bands containing the protein of interest (TRAP or SOD2) were normalized against those of ␣-ATPase or ␣-Tubulin obtained from the same membranes. Then the relative abundance of SOD2 and TRAP1 was calculated by obtaining the ratio of the normalized densitometric values between normal and OA samples. Statistical p values of the densitometry data were obtained by application of Mann-Whitney U test using SPSS version 15.0 program.
Real Time PCR Assays-Primers for SOD2, TRAP1, and the housekeeping genes HPRT1, GAPDH, and PBGD were designed using the Universal Probe Library tool from the Roche Applied Science. Primer sequences were as follows: SOD2 forward, 5Ј-CTGGACAAACCTCA-GCCCTA-3Ј; SOD2 reverse, 5Ј-TGATGGCTTCCAGCAACTC-3Ј; TRAP1 forward, 5Ј-AGACCAATGCCGAGAAAGG-3Ј; TRAP1 reverse, 5Ј-TCCTGTGTCATCCCGATACC-3Ј; HPRT1 forward, 5Ј-TGACCTT-GATTTATTTTGCATACC-3Ј; HPRT1 reverse, 5Ј-CGAGCAAGACGTT-CAGTCCT-3Ј; GAPDH forward, 5Ј-GGAGTCAACGGATTTGGTCGTA-3Ј; GAPDH reverse, 5Ј-GGCAACAATATCCACTTTACCAGAGT-3Ј; PBGD forward, 5Ј-AGCTATGAAGGATGGGCAAC-3Ј; and PBGD reverse, 5Ј-TTGTATGCTATCTGAGCCGTCTA-3Ј. Total RNA was isolated from cartilage or chondrocytes using TRIzol LS reagent (Invitrogen) following the manufacturer's instructions. Whole RNA was treated with DNase (Invitrogen), and its concentration was determined by spectrophotometry. RNA from each sample (1 g) was reverse transcribed in a final volume of 20 l using the Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science). cDNA synthesis was performed at 55°C for 30 min followed by a final step of 5 min at 85°C for inactivating the reverse transcriptase. Tubes were finally stored at Ϫ20°C until PCR analyses.
Real time PCR was performed in the LightCycler 480 instrument (Roche Applied Science) with 20-l reactions containing 10 l of LightCycler 480 SYBR Green I Master, 7.4 l of RNase free water, 0.3 l (0.3 M) of each primer, and 2 l of cDNA as PCR template. Cycling parameters were 95°C for 10 min to activate DNA polymerase followed by 45 cycles of 95°C for 10 s, 60°C for 10 s, and a final extension of 72°C for 10 s. Detection of fluorescence was carried out at the end of each extension step. After amplification, a melting curve was acquired by heating to 95°C for 5 s, cooling to 70°C for 1 min, and slowly heating to 95°C with a continuous fluorescence data collection of 10 acquisitions per°C. PCR data were analyzed using REST (Relative Expression Software Tool) software, which provides statistical information suitable for comparing groups of treated versus 
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untreated samples while taking into account issues of reaction efficiency and reference gene normalization. Indirect Immunofluorescence-Normal and OA frozen cartilages were serially sectioned at 4-m thickness with a cryostat at Ϫ30°C. Slices were washed for 10 min with PBS on glass slides, and mitochondrial staining was performed with 100 l of 100 nM MitoTracker Green (Invitrogen) for 30 min. The samples were then washed and fixed for 10 min with acetone at 4°C. The sections were incubated with primary anti-TRAP1 (1:50), anti-SOD2 (1:50) antibodies, or a control antibody for 1 h. After three 10-min washes, a goat antimouse phycoerythrin-conjugated antibody (1:20 dilution) was applied for 1 h, and the samples were washed. Finally nuclear staining was performed with 4Ј,6-dianidino-2-phenylindole dihydrochloride (2 g/ ml) for 30 min at 37°C. The chambers were stored at 4°C in darkness until observed by fluorescence microscopy. Quantification of the emitted fluorescence was performed with AnalySIS 5.0 software (Olympus Biosystems, Hamburg, Germany).
Measurement of Reactive Oxygen Species (ROS) Generation in
Chondrocytes-Free radical generation in chondrocytes was assessed by measuring the oxidative conversion of cell-permeable 2Ј,7Ј-dichlorofluorescein diacetate to fluorescent dichlorofluorescein (DCF) using fluorescence-activated cell sorting (FACS) (23). Briefly 5 ϫ 10 5 chondrocytes were seeded in 6-well plates and allowed to reach confluency. Then 2Ј,7Ј-dichlorofluorescein diacetate (Fluka, St. Louis, MO) was added to the medium at a final concentration of 10 M, and cells were incubated for 30 min at 37°C in the dark. Finally chondrocytes were washed, collected by trypsinization, and suspended in 300 l of cold PBS. In each sample a minimum of 10,000 cells was subjected to FACS using a FACSCalibur system flow cytometer (BD Biosciences) and CellQuest software (BD Biosciences). Table I . Clustering of individual samples is shown on top with the DIGE gel number and type of dye labeling for each sample listed at the bottom. Clustering of individual proteins is shown on the left with relative expression values displayed as an expression matrix (heat map) using a standardized log abundance scale ranging from negative values (green) to positive values (red), and the spot numbers are listed along the right-hand side. These numbers are in agreement with those listed in Table I . C, k-means cluster analysis showing the four different clusters that group the identified proteins. q, cluster quality; no, number of proteins belonging to each cluster. The set of proteins corresponding to each cluster is listed in supplemental Table S1 . RESULTS 
2-D DIGE
Analysis-Cartilage obtained from six OA donors and six N controls was used for isolation of chondrocytic mitochondrial proteins and DIGE-MS analysis. Donors were selected according to their clinical diagnoses and similar ages. Fig. 1 describes the experimental procedure followed. Crude mitochondria from chondrocytes were obtained by differential centrifugation according to a protocol set up by our group previously (21) that allowed the obtention of mitochondria-enriched fractions while avoiding high sample losses. After six-plex 2-D DIGE, three individual images were obtained from each gel, corresponding to Cy2-, Cy3-, and Cy5-labeled samples. The 18 gel images were analyzed using DeCyder software. DIA allowed the detection of an average of 2180 protein spots on each image with a 6.98% coefficient of variation between them. Then interimage spot matching was carried out by BVA. In this step, an average of 1691 spots was matched on the gels (17.6% coefficient of variation), and their average abundances among the 18 images of our study were calculated. We considered changes within a 95% confidence interval (p Ͻ 0.05) and standardized average spot volume ratios exceeding 1.3 in at least four of the six analyzed gels. This analysis resulted in 28 spots significantly and reproducibly increased in OA and 45 spots that were decreased. These 73 spots are depicted on a DIGE gel image shown in Fig. 2 and listed in Table I .
Identification of Differentially Expressed Proteins-For identification of proteins, spots were selected, digested in-gel, and analyzed by MALDI-PMF-MS. A Mascot database search using the PMF spectra allowed the identification of the proteins present in 70 of the 73 spots obtained from the gels in duplicate. In five cases (spots 11, 22, 47, 49, and 54), two different proteins were identified on the same spot, and we also found 12 redundancies because of posttranslational modifications or proteolysis. The last three proteins from the group of 73 were identified by tandem MS. Altogether 78 different protein isoforms were identified as altered in OA as listed in Table I with detailed information comprising experimental and theoretical molecular weight and pI values, accession number, and identification parameters. A database search was carried out to analyze the predicted subcellular localization of these proteins and to assign them into different functional groups. Most of the identified proteins (30%) were predicted as mitochondrial, and an additional 36% were predicted as either associated with other membrane structures or located in other subcellular organelles, such as the endoplasmic reticulum, vacuoles, or peroxisomes. Most of these proteins are involved in metabolism and energy production processes (27%), and many are structural or cytoskeleton-related (22%).
Multivariate Statistical Analysis-We sought to establish biological significance of the protein changes by performing multivariate statistical tests on the proteins identified by DIGE-MS. As shown in Fig. 3A , PCA indicated how well the OA and N groups are separated. For the 73 proteins altered in the DIGE analysis, the first principal component (PC1) distinguished 56.6% of the variance, and an additional 10.1% variation was distinguished by the second principal component (PC2). Pattern analysis by HC (Fig. 3B) found two different patterns in this group of proteins and clearly differentiated these two diverse profiles, clustering OA (marked with a green square in Fig. 3B ) and normal donors (orange square). Protein spot numbering indicated in the heat map correlates with information in Table I . Another type of pattern analysis, the k-means algorithm, was carried out on these 73 protein forms. This analysis clustered them into four groups displaying similar patterns (Fig. 3C) . Proteins in each k-means cluster are listed in supplemental Table S1 .
OA-altered Mitochondrial Proteins-The assignment of predicted subcellular localization to the group of OA-altered proteins led to the identification of 23 protein forms that had been previously characterized as mitochondrial. These proteins are listed in Table II and depicted on the DIGE gel shown in Fig.  4A . An independent HC analysis was carried out on this group of 23 proteins that confirmed the characterization of different mitochondrial protein profiles from the normal and OA samples (Fig. 4B) . Most of these proteins (Fig. 4C) are involved with the respiratory chain (26%), carbohydrate (26%) or lipid (16%) metabolism, or mitochondrial transport processes (16%). Other proteins are chaperones or stress-related proteins (11%) or involved in amino acid metabolism (5%).
Bioinformatics analysis using Pathway Studio software enabled the characterization of biological association networks related to these differentially expressed mitochondrial proteins. A simplified picture of their interactions is showed in Fig. 5 . By this approach, we identified those biochemical pathways that may be altered in osteoarthritic mitochondria. These include production of energy, mitochondrial membrane organization, apoptosis, and oxidative stress response.
FIG. 4. Mitochondrial proteins altered in OA.
A database search and subcellular localization analysis allowed the characterization of a group of 22 protein isoforms that exhibit altered expression in OA and are described to be localized in mitochondria. A, Cy2-labeled internal standard proteome map indicating these mitochondrial proteins. B, unsupervised hierarchical clustering of the group of identified mitochondrial proteins. Data are presented as in Fig. 3B but calculating the mean abundance values on each group of samples (N and OA). See Table II (mitochondrial proteins) for protein designations. C, functional distribution of the mitochondrial proteins altered in OA identified in this work. AA, amino acid; Pyr, pyruvate; TCA, tricarboxylic acid.
Decreased Presence of SOD2 in Osteoarthritic Chondrocytes and Cartilage-Three protein forms of mitochondrial SOD2 were found to be significantly decreased in OA chondrocytes in our DIGE analysis (one of them is depicted in Fig. 6A ) as evidenced after PMF identification (Fig. 6B) . Because this protein has been reported to play an essential antioxidant role, being responsible for cellular redox balance maintenance, we sought to confirm its decrease in OA chondrocytes and tissue. First the decrease of SOD2 protein was confirmed on 20 samples from normal and OA chondrocyte protein extracts by Western blot analyses (Fig.  6C) . Densitometric analysis revealed a statistically significant (p ϭ 0.043) decrease of 2.56-fold (ratio N/OA ϭ 0.39). To validate these data on cartilage tissue, real time PCR analyses were carried out on 12 RNA samples isolated from age-matched normal (mean age, 54.6 years) and OA (mean age, 58.8 years) cartilages. Results showed a significant (p ϭ 0.031) down-regulation of SOD2 gene expression in OA tissue (Fig. 7A ) with a decrease of 34-fold (ratio N/OA ϭ 0.029). Subsequently immunohistofluorescence studies of age-matched N and OA cartilages showed SOD2 (red) to occur mainly in the superficial layer of normal cartilage (Fig. 7B ), but this protein was mostly absent in OA tissue. FIG. 5 . Pathways and networks associated with mitochondrial chondrocyte proteins identified by DIGE/MS as altered in osteoarthritis. Pathway Studio software was used to map the identified proteins onto characterized human pathways and networks that associate proteins based on known protein-protein interactions, mRNA expression studies, and other biochemical interactions described previously. Abbreviations are shown as in Table II . Increased proteins are shown in red, whereas decreased proteins are depicted in green. IMMT is colored in blue because two isoforms of this protein were decreased, whereas a third was increased. AA, amino acid; TCA, tricarboxylic acid.
Increase of Intracellular ROS Generation in Osteoarthritic
Chondrocytes-The discovery of the decrease in the important antioxidant protein SOD2 in OA chondrocytes prompted us to investigate possible cellular redox imbalance. We decided to measure the generation of free radicals in cultured N and OA chondrocytes (n ϭ 14) by a flow cytometry probe using DCF as a reporter of ROS production. As shown in Fig. 8 , intracellular ROS production in OA chondrocytes increased at an average of 50% when compared with normal cells (n ϭ 14, p ϭ 0.01). These data provide evidence of an oxidative stress dysregulation occurring in osteoarthritic cells.
Increased in abundance in OA chondrocytes is TRAP1. This protein is the mitochondrial member of the Hsp90 family of protein chaperones and has been reported to antagonize ROS as an attempt to protect cells from oxidative stress-induced apoptosis. Therefore, an increased presence of TRAP1 might also reflect a cellular state of high oxidative stress. Fig. 9A depicts the TRAP1 spot in the DIGE gels and its intensity on normal and OA samples. Unambiguous identification of this protein was carried out by PMF (Fig. 9B) . We confirmed this increase at the transcription level by real time PCR analyses on 14 samples from normal and OA freshly isolated chondrocytes. The results showed a significant (p ϭ 0.002) up-regulation of TRAP1 gene expression in osteoarthritic cells with a ratio of expression of 4.89-fold (Fig. 9C) . The increased presence of TRAP1 protein in chondrocyte mitochondria was confirmed by Western blot analyses on 20 samples from normal and OA chondrocyte mitochondria-enriched protein extracts (Fig. 9D) . Densitometric analysis of the blots showed a significant (p ϭ 0.037) increase of 4.02-fold of TRAP1 in OA chondrocytes. Subsequently immunohistofluorescence assays were performed to evaluate this alteration in cartilage tissue. As shown in Fig. 10 , a low level of TRAP1 (red) can be detected in normal cartilage, whereas cartilage mitochondria are easily recognized by MitoTracker green labeling. In OA cartilage, however, a high level of TRAP1 can be noticed. Overlapping images of fluorescence from MitoTracker (green) and TRAP1 (red) establish the mitochondrial localization of TRAP1. DISCUSSION OA is the most frequently occurring arthropathy, and its prevalence increases with age. Because specific mitochondrial alterations had been described previously in OA chondrocytes, we extracted cartilage cells from age-matched donors to carry out a proteomics approach with the aim of identifying possible mitochondrial pathway alterations in the disease. The 2-D DIGE-MS approach enabled a higher confidence differential protein profile than that obtained by classical 2-DE strategies. At the conclusion of the present study, we had identified 73 protein forms with altered abundance or posttranslational modifications in mitochondria-enriched fractions from OA human articular chondrocytes compared with normal. Hierarchical clustering of these differential spots enabled the definition of a protein profile characteristic for OA (Fig. 3B) that is branded by alterations in structural components and proteins related with signal transduction or metabolism and by a decrease in transport proteins (Table I ). All these changes should be studied more deeply as they might be useful for the development of new early diagnosis tools for OA.
Of the identified proteins, 30% were predicted to be mitochondrial after database searches. An additional 21% of the proteins were located in other subcellular organelles such as endoplasmic reticulum, vacuoles, or peroxisomes, a common characteristic of differential centrifugation enrichment processes (24, 25) . Another 15% of identified proteins were membrane-associated proteins. Many reported intracellular localizations of these proteins are exclusively based on sequence information, lacking any further assays. Therefore, some of the proteins classified as non-mitochondrial may either be associated to this organelle or have a transitional mitochondrial localization. Some of the identified proteins were characterized previously in an analysis on N and OA whole chondrocyte extracts (13) . Interestingly the reported increase in OA chondrocytes of an extracellular structural protein (collagen type IV) and decrease of a cytoplasmic transport protein (chloride intracellular channel protein 1) were confirmed by the present study.
We focused the analysis on the proteins previously characterized as mitochondrial to identify functions that are distorted in OA chondrocytes (Table II) . Pathway Studio software was used to identify biological association and interaction networks of the altered mitochondrial proteins, which are shown in Fig. 5 . Most of these proteins (73%) are involved in metabolism and energy production (Fig. 4C) lipid, amino acid, or carbohydrate metabolism or as essential components of MRC. These data demonstrate the mitochondrial dysregulation of energy production that takes place in OA that was first described by our group from the detection of decreased activity of complexes II and III of MRC (8) . Using our proteomics approach we found a decrease in a subunit of complex II, a succinate dehydrogenase flavoprotein, which may play a role in this complex II dysfunction. The increased abundance of two subunits of complex I, NDUV1 and NDUS8, may also affect MRC efficiency.
Mitochondrial membrane organization is essential for maintaining correct mitochondrial function. The inner membrane protein mitofilin (IMMT) has recently been reported to control cristae morphology (26) to facilitate proper mitochondrial function. In our proteomics screening, we found two mitofilin isoforms decreased in OA, whereas a third was increased. These data suggest an OA-dependent alteration of mitofilin posttranslational processing that should be further studied. Another protein involved in cristae remodeling, OPA1, was shown in this study to be altered in OA. OPA1 is a dynaminlike GTPase that was first identified as a cause for optic atrophy (27, 28) . Subsequently a role for OPA1 as a major organizer of the mitochondrial inner membrane was reported, suggesting its involvement in cytochrome c sequestration (29) . An essential participation in mitochondria fusion processes was described for OPA1 (30) , although it was reported to happen independently from the control of apoptotic cristae remodeling (31 mitochondrial dynamics has been extensively discussed (32, 33) . Altogether these data support a hypothesis for altered mitochondrial function in OA chondrocytes in which dysregulation of cristae remodeling stemming from defects in IMMT and OPA1 contribute to increased apoptosis levels in OA chondrocytes.
Finally we focused on two mitochondrial proteins whose predicted role is related to oxidative stress. Mitochondrial dysregulation and oxidative stress balance have been reported to play an essential role in OA development and progression (34, 35) . Oxidation-related cartilage changes during the aging process have been studied, highlighting a possible relationship between aging, chronic inflammation, and cartilage degradation in OA (36) . The activity of ROS, essential for cartilage degradation, is balanced by enzymatic and nonenzymatic antioxidants, which act by inhibiting oxidative enzymes or scavenging free radicals. Modifications of the antioxidative system in OA remain unknown at this time, and little information is available on the antioxidative status of chondrocytes (37) . Therefore, our finding of the deficiency of a major intracellular antioxidant protein, SOD2, in chondrocyte mitochondria may be a key to understanding OA pathophysiology. In an earlier study (38) , lowered antioxidative capacity was observed in the degenerating regions of OA cartilage. These investigators showed that the resulting oxidative stress induced telomere genomic instability, replicative senescence, and dysfunction of chondrocytes, possibly leading to the development and progression of OA. Nevertheless only extracellular SOD (EC-SOD, SOD3) was found to be decreased in OA cartilage extracellular spaces (39) and recently also in OA synovial fluid (40) . Therefore, the finding of decreased mitochondrial SOD2 within OA chondrocytes reinforces a hypothesis that inadequate control of ROS, which affects chondrocyte intracellular metabolism, is an essential factor in OA pathophysiology (41) . These data are also supported by our finding of higher ROS generation occurring in OA chondrocytes. Moreover a very recent work based on microarray gene expression profiling of osteoarthritic bone finds a 6-fold down-regulation of SOD2 in OA tissue (42) . Despite the lack of real time PCR validation of this result, an alteration in the antioxidant system of OA subchondral bone is indicated. Combined with our results on cartilage tissue and cells, these data suggest a global alteration of redox balance in the bone, cartilage, and synovial fluid of the OA joint that could be due to a decrease of antioxidant proteins such as SOD2. Although there is no consistent evidence at this time that an additional antioxidant supply is effective for relief of OA symptoms and prevention of structural damage in OA cartilage (43) , our results point to the potential utility of SODs and SOD mimetics as antioxidant treatments in OA.
TRAP1 is a member of the Hsp90 family of molecular chaperones that was first identified by its ability to bind the type 1 tumor necrosis factor receptor (44) . Although it is generally homologous to cytoplasmic Hsp90 and both proteins are inhibited by compounds such as geldanamycin, TRAP1 is reported to be located in the mitochondria (45) and to have FIG. 10 . High abundance of TRAP1 in OA cartilage. Representative indirect immunofluorescence of TRAP1 (red) and simultaneous mitochondria staining (green) on N and OA cartilages (n ϭ 6) shows the increased abundance of TRAP1 in OA tissue and its colocalization with mitochondria. In the bottom rows, a magnification of OA chondrocyte lacunae is shown to depict the mitochondrial distribution of TRAP1.
functional properties different from its homologue (46) . Subsequent studies have suggested a role for TRAP1 in protecting cells from apoptosis caused by formation of ROS (47) . Several recent reports describe how this protein regulates ROS production, thus defending the cells from oxidative stress-mediated apoptosis (48 -50) . As mentioned earlier, increases of ROS production and chondrocyte apoptosis are characteristic features of OA pathophysiology (6) . Therefore, we more thoroughly investigated differences of TRAP1 abundance in OA chondrocyte mitochondria. Both gene expression and protein abundance analyses confirmed the increase of TRAP1 in OA chondrocytes, whereas fluorescence microscopy assays demonstrated its high amount in mitochondria from OA cartilage cells. Considering the reported ROS antagonist role of TRAP1, we hypothesize that the increased presence of TRAP1 in OA tissue might be a compensatory output displayed by chondrocyte mitochondria to hold out a high oxidative stress environment.
Altogether our work provides some insight into the diverse pathways that are altered in OA mitochondria. Defects in the production of energy, mitochondrial membrane organization, and apoptosis have been pointed out, exemplifying the consequences of mitochondrial dysregulation in cartilage cells during the progression of the disease. The decrease of mitochondrial SOD we found is a particularly relevant finding relative to maintenance of a normal intracellular redox balance in chondrocytes. Extensive studies on all these protein distortions are needed to amplify the study of OA pathogenesis. The goal of these studies will be to identify new diagnostic and therapeutic targets that will ultimately enable development of novel therapeutic strategies for OA.
